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  ABSTRAK 
 
Sisa serat kayu adalah salah satu sumber tenaga biojisim penting untuk ditukarkan 
kepada produk nilai tambah iaitu zarah karbon. Karbonisasi hidroterma (HTC) adalah 
kaedah yang berkesan untuk menukar biojisim ini ke dalam zarah karbon. Ciri-ciri yang 
tidak diperlukan oleh biojisim seperti kandungan lembapan yang tinggi dan sifat 
heterogen memberi halangan dalam daya saing pasaran penjanaan tenaga. Satu pilihan 
yang terbaik untuk mengatasi isu-isu yang dihadapi oleh biojisim adalah untuk 
menjalankan satu proses prarawatan yang dipanggil torrefaction. Ciri-ciri fizikal zarah 
karbon telah ditentukan dengan menggunakan FTIR, BET dan FESEM.  Objektif utama 
kajian ini adalah untuk menghasilkan zarah karbon dari karbonisasi hidroterma dan 
proses Torrefaction menggunakan sisa serat kayu dan untuk mengenal pasti ciri-ciri 
fizikal zarah karbon daripada kedua-dua proses. Analisis proksimat telah dilakukan 
untuk mengenal pasti perubahan komposisi kimia dalam produk.Berdasarkan analisis, 
produk dengan kepadatan tenaga yang lebih tinggi, kandungan lembapan yang rendah 
telah dihasilkan daripada proses Torrefaction. Torrefaction proses menghasilkan produk 
dengan kandungan lembapan terendah iaitu kira-kira 3.99% kepada 4.47%. Kandungan 
abu juga menunjukkan bahawa proses torrefaction menghasilkan produk dengan 
peratusan terendah kandungan abu berbanding HTC dan mentah sisa serat kayu. Bahan 
meruap yang terkeluar adalah dari 53% kepada 91% bagi semua sampel. Torrefaction 
juga menghasilkan nilai tertinggi kalori (24.894MJ/kg). Analisis FTIR menunjukkan 
hidroksil, karbonil, alifatik, eter, alkohol, kumpulan fenol dan karboksilik hadir pada 
permukaan sampel. Akhirnya, kesimpulan yang boleh dibuat bahawa kedua-dua proses 
adalah kaedah yang praktikal untuk menukar biojisim kepada produk tambah nilai. 
xi 
 
ABSTRACT 
 
Wood fiber waste is the one important biomass energy source to convert to value added 
product which is carbon particles. Hydrothermal carbonization (HTC) is the effective 
method to convert this biomass into carbon particles. The undesirable properties of 
biomass such as high moisture content and its heterogeneous nature pose a barrier to its 
competitiveness in the energy generation market. A best option to overcome the issues 
face with biomass is to carry out a pretreatment process called torrefaction. The physical 
characteristic of the carbon particles was determined by using FTIR, BET and FESEM. 
The main objectives of this study are to prepare carbon particles from hydrothermal 
carbonization and Torrefaction process using wood fiber waste and to identify physical 
characterization of carbon particle from the both processes. Proximate analysis has been 
done to identify the changes in chemical composition of the product. Based on the 
analysed, the product with higher energy density, low moisture content was produced 
from Torrefaction process. Torrefaction process produced lowest moisture content 
product which is about 3.99% to 4.47%. Ash content also shows that torrefaction 
process produced product with lowest percentage ash content compared to HTC and raw 
of wood fiber waste. The volatile matter left is from 53% to 91% for all the samples.  
Torrefaction also produce highest calorific value (24.894MJ/kg). FTIR analysis showed 
the hydroxyl, carbonyl, aliphatic, ethers, alcohol, phenol and carboxylic groups are 
present on the surface of the sample. Finally, it can be concluded that both processes is 
practicable method to convert biomass into value added product.  
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CHAPTER 1 
 
 
INTRODUCTION 
 
 
1.1 Background of the Study 
 
Biomass is a renewable, potentially sustainable and environmentally benign source 
of energy. According to Tye et al., (2011), Biomass contribute about 12% of today’s 
world primary energy supply, while in many developing countrys, its contribution range 
from 40% to 50%. World production of biomass is estimated at 146 billion metric tons a 
year (Balat and Ayar, 2005). Some farm crops and trees can produce up to 20 metric 
tons per acre of biomass a year.  Biomass in definition is any organic matter such as 
wood, crops, seaweed, animal wastes that can be used as an energy source. Traditionally 
biomass has been utilized through direct combustion. 
There are abundant volumes of wood fiber waste production which normally 
being dumped to the landfill. The total land area in Malaysia is 32.98 million hectar (ha). 
According to the Malaysian Timber Council (MTC) in  2009,  the  total  production  of  
logs  based on  the  total  land  area  is  18.27  million  cm
3 
has  produced  438,340  m
3
 of  
logs,  270,891  m
3
 of  sawn  timber  and 683,498,732 m
3
 of  plywood  in  2009.   Wood, 
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agricultural fiber residues also known as agrifibers, and other woody plants are 
composite materials whose main components are polysaccharides (cellulose and 
hemicelluloses) and lignin. Wood fiber waste also known as biomass which is a 
qualified carbon raw material for synthesis of valuable carbonaceous materials because 
it is available in high quality and huge amount.  
There are several methods to convert this biomass waste product into value 
added product. Hydrothermal carbonisation (HTC) is the best method because their 
process is benign environment, versatile chemistry, enhanced reaction rate and 
economics cost. HTC can generate both solid carbonaceous material and water soluble 
organic liquid. The solid carbonaceous material are sometimes called biochar which is 
defined as fine grained charcoal, high in organic carbon and largely resistance to 
decomposition. HTC process can release one third of the combustion energy throughout 
dehydration (Funke and Ziegler, 2010). Its carbon efficiency is close to 1 after an 
adequate reaction time under proper condition. The conversion of biomass into carbon 
particle is promising potential applications in many fields such as water purification, 
carbon fixation, energy storage, fuel cell catalysis, carbon dioxide sequestration, 
bioimaging, drug delivery, and gas sensors (Hu et al., 2010). For the HTC process, the 
initial structure and composition of the biomass material can influence the size, shape, 
and surface structure of the final biochar. 
Acccording to the Chew and Doshi (2011), biomass and its utilization have been 
intimately associated to renewable energy in the recent years. However, the undesirable 
properties of biomass such as high moisture content and its heterogeneous nature pose a 
barrier to its competitiveness in the energy generation market. A viable option to 
overcome the issues associated with biomass feedstock is to carry out a pretreatment 
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process called torrefaction. Biomass torrefaction is gaining attention as an important 
preprocessing step to improve the quality of biomass in terms of physical properties and 
chemical composition. A recent study (Tumuluru et al., 2011) mentioned that 
torrefaction is the slow heating of biomass in an inert or reduced environment to a 
maximum temperature of approximately 300°C. Torrefaction can also be defined as a 
group of products resulting from the partially controlled and isothermal pyrolysis of 
biomass occurring in a temperature range of 200–280ºC. The process can be called a 
mild pyrolysis as it occurs at the lower temperature range of the pyrolysis process. 
Torrefaction proses can produce a solid uniform product with lower moisture content 
and higher energy content than raw biomass (Tumuluru et al., 2011). Most of the smoke-
producing compounds and other volatiles are removed during torrefaction, which 
produces a final product that has a lower mass but a higher heating value. 
 
 
1.2 Problem Statement 
 
Biomass mainly in the form of wood is the oldest source of energy used by 
humans. Traditionally, biomass has been utilized through direct combustion. Burning 
biomass produces some pollutants, including dust and the acid rain gases sulphur 
dioxide (SO2) and nitrogen oxides (NOx). Burning wood produces 90% less sulphur than 
coal. These can all be reduced before releasing the fuel gases into the atmosphere. The 
demand for energy is increasing at an exponential rate due to the exponential growth of 
world population. This combined with the widespread depletion of fossil fuel and 
gradually emerging consciousness about environmental degradation. Biomass is carbon 
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dioxide neutral. Substitution of fossil fuels for energy for energy production with 
biomass will result in a net reduction in greenhouse gas emissions and the replacement 
of a non-renewable energy source.  
The biomass, consisting mainly of agricultural and forestry waste can be 
regarded as a renewable energy source with potential to supply the global energy 
demands. Moreover, the use of biomass contributes to reduce the greenhouse effect. Due 
to environmental concerns because of abundant wood fiber waste from day to day, it is 
an attractive option to create new technologies to convert biomass waste especially 
wood fiber waste into value added product. The need for efficient biomass conversion 
technologies and high cost of conventional nanoparticle synthesis production such as arc 
discharge and steam explosion, hydrothermal carbonisation method represents one of the 
promising chemical routes to treat this biomass because of the intrinsic advantages such 
as benign environment, versatile chemistry, enhanced reaction rate and economic cost. 
Biomass like any other energy source has its advantages and disadvantages. One 
of the most obvious drawbacks is the heterogeneous nature of biomass. Biomass 
feedstock can differ considerably in term of physical, chemical and morphological 
characteristics. Biomass has relatively low energy density and high moisture content in 
its untreated form compared to fossil fuel. Due to this issue faced with biomass, 
torrefaction is the pretreatment biomass that can be used to overcome this problem. 
 
 
1.3 Research Objectives 
  
This study outlines the following objectives: 
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1.3.1 To prepare carbon particles from hydrothermal carbonisation 
process using wood fiber waste. 
1.3.2 To prepare torrefied biomass from wood fiber waste by 
torrefaction process 
1.3.3 To identify physical characterization of carbon particle from 
hydrothermal carbonisation and torrefaction process using wood 
fiber waste. 
 
 
1.4 Significance of Proposed Study 
 
This research is about the development of advanced materials focusing on 
production of carbon particle from hydrothermal carbonisation process and production 
of torrefied biomass using wood fiber waste. In addition, analysis on the physical 
characterization of carbon particle from torrefaction and hydrothermal carbonisation 
process using wood fiber waste were also carried out. This proposed study will help to 
produce carbon particle using wood fiber waste from hydrothermal carbonisation which 
are facile, low cost, environmental friendly and non-toxic routes. The carbon particle 
also can be commercialized because of wide variety potential application either in 
environment, catalysis, energy, sensor, and biology application. Besides that, this 
proposed study also can reduce the amount of abundant wood fiber waste from the 
industries by adding the value of the solid material and avoid pollution to the 
environment. 
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CHAPTER 2 
 
 
LITERATURE REVIEW 
 
 
2.1 Biomass Uncover the Opportunities behind the Mess 
 
2.1.1 Introduction to Biomass 
 
Biomass, also known as biorenewable resources, which is defined as all materials 
of biological origin, excluded materials that have been imbedded in geological 
formations and have become fossilized such as oil and coal. Brown (2003), pointed out 
that biomass by definition is sustainable resources or resources that are renewed at such 
rate that they will be available for future generations. Biomass is any organic matter 
such as wood, crops, seaweed, animal wastes that can be used as an energy source. All 
organic matter contains stored energy from the sun.  
During a process called photosynthesis, sunlight gives plants to the energy they 
need by converting water and carbon dioxide into oxygen and sugars. Biomass is a 
renewable energy source because its supplies are not limited. 
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Biomass has been used as a substitute for fossil fuels in recent years. The energy 
in biomass is known as biomass energy or bio-energy. Bioenergy is defined as the 
conversion of biomass into heat or electric power. The growing interest in bio-energy 
will contribute to the reduction of poverty in developing countries, increase the 
sustainable energy supply and reduce the emission of CO2. 
 
2.1.2 Biomass resources 
 
Biomass can be classified into biowaste and dedicated energy crops. A biowaste 
is a material that has been traditionally discarded because it has no apparent value or 
represents a nuisance or even a pollutant to the local environment. This was seen in the 
recent study (Brown, 2003) that biowastes include agricultural residues, yard waste, 
municipal solid waste, waste from food processing industry, sewage and manure. 
Dedicated energy crops are plants grown specifically for production of biobased 
products that is, for purposes other than food or feed. They are planted and harvested 
periodically. This does not include cutting down an old-growth forest for firewood. 
Dedicated energy crops can either be herbaceous energy crops or short-rotation energy 
crops (Brown, 2003), Brown (2003) pointed out that herbaceous energy crops are plants 
with no or little woody tissue. They can be thick stemmed grasses such as sugarcane, 
energy cane and corn, or thin-stemmed grasses such as reed canary grass and switch 
 
6CO2       +   12H2O                       C6H12O6    +    6O2      +    6H2O 
Carbon                 Water                                  Glucose             Oxygen           Water 
   dioxide 
Light 
Green plant 
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grass. Short-rotation energy crops are fast growing woody biomass, including 
hardwoods and softwoods. Softwoods are pine, spruce and cedar. Brown (2003) also 
highlighted that these species have considerable value as construction lumber or 
pulpwood, and are therefore mostly only available as logging and manufacturing 
residues. Examples on hardwood species for energy production are poplar, willows 
(Salix spp.) and eucalyptus. 
Biomass energy resources come from wood and wood wastes, agricultural crops 
and their waste byproducts, municipal waste (MSW), animal waste and food waste. 
Presently, the available biomass resources could provide as much as 6.33–10.55 ×1015 kJ 
of feedstock energy as mention in the literature (Demirbas and Ozturk, 2006). The 
average majority of biomass energy is produced from wood and wood wastes (64%), 
followed by MSW (24%), agricultural waste (5%), and landfill gases (5%) (Demirbas, 
2001 ; Deshmukh et al, 2008 ; Demirbas, 2006 ; Demirbas, 2008). 
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Table 2.1 Biomass production in Malaysia (BioGen Resource Assessment 2004) 
Type of 
industry 
Production 
(Thousand 
tonne) 
Residue 
Residue 
product ratio 
(%) 
Residue 
generated 
(Thousand 
Tonne) 
Potential 
Energy 
PJ 
Oil palm 
59,800 
EFB 21.14 12,642 59 
Fiber  12.72 7,607 113 
Shell 5.67 3,391 57 
Total   23,640 229 
Others (POME)   41,860 24 
Paddy 2,141 
Rice husk 22 471 7.6 
Paddy straw 40 856 8.8 
Sugar 1,111 Bagasse 32 356 356 
Wood 
2,937,697 m
3
 Sawn Timber 0.5-0.6 1,692,718 m
3
 5.2 
523,336 
Plywood and 
veneer 
0.18-0.65 121,000 m
3
 0.374 
147,813 Molding 0.2-1.0 75,600 m
3
 0.232 
MSW 
(Incenaration 
technology) 
11,940 
tonnes/day 
MSW  -  - -  
 
 Table 2.1 shows the biomass production in Malaysia. Oil palm industry 
produce 59,800 thousand tonne per year, and the residue generated is 23,640 
thousand tonne which about 229 of potential energy. Production of sawn timber 
(2,937,697m
3
), plywood & veneer (523,336 m
3
) and molding (147,813m
3
) from 
wood industry can generate potential energy of 5.2PJ for sawn timber, 0.374PJ of 
plywood and veneer and 0.232PJ of molding residue. Agricultural residues are 
basically biomass materials that are byproducts of agriculture. This includes cotton 
stalks, wheat and rice straw, coconut shells, maize and jowar cobs, jute sticks, rice 
husks, and etc, this was seen in the recent study (Demirbas, 2006). The most 
common agricultural residue is the rice husk, which makes up 25% of rice by mass 
as mentioned in the literature (Demirbas et al, 2006). Many developing countries 
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have a wide variety of agricultural residues in ample quantities. Demirbas, (2001) 
highlighted that large quantities of agricultural plant residues are produced annually 
worldwide and are vastly underutilized. 
 Municipal solid waste (MSW), also called urban solid waste, is a waste type that 
includes predominantly household waste (domestic waste) with sometimes the addition 
of commercial wastes collected by a municipality within a given area. They are in either 
solid or semisolid form and generally exclude industrial hazardous wastes. The term 
residual waste relates to waste left from household sources containing materials that 
have not been separated out or sent for reprocessing. 
 
2.1.2.1 Wood fiber waste as a valuable biomass 
 
Abundant of wood fiber waste derived from agricultural residue and forest 
byproduct has drawn little attention as a raw material to convert into more value added 
product since only simple combustion has been used to elevate the value of waste 
biomass. Wood waste is mostly found in logging activities. The total land area in 
Malaysia is 32.98 million ha. According to the Malaysian Timber Council (MTC) in  
2009,  the  total  production  of  logs  based on  the  total  land  area  is  18.27  million  
cm
3 
has  produced  438,340  m
3
 of  logs,  270,891  m
3
 of  sawn  timber  and 683,498,732 
m
3
 of  plywood  in  2009.  In  addition  to  proﬁts, these industries generate a huge 
amount of abundant wood waste, which can potentially  give  rise  to  environmentally  
11 
 
sensitive  disposal  issues.  In order to fully utilize the waste, it can be converted into 
value added product. 
Waste wood from the forest products industry such as bark, sawdust, board ends 
and others are widely used for energy production. Wood industry, in many cases, is now 
a net exporter of electricity generated by the combustion of wastes. Combustion also 
may lead to the air pollution and increasing carbon dioxide concentration in atmosphere. 
The comprehensive study (Schmidt and Daunenhauer 2007; Tilman, Hill & Lehman 
2006) highlighted that carbon materials fabricated from waste biomass have shown 
promising applications as sorption materials, hydrogen storage, biochemicals and others.  
Biomass is a qualified carbon raw material for the synthesis of valueable carbon 
materials because it is available in high quality, huge amount and environmental friendly 
renewable resource. The hard plant tissue, with structural, crystalline cellulose scaffolds, 
shows a different structural disintegration pathway. The melting point of crystalline 
cellulose is well above its decomposition temperature, which to a large extent can result 
in a preserved macro- and microstructure in the final carbonaceous material. The lignin 
fraction of biomass essentially goes unchanged through the hydrothermal carbonisation 
process (HTC). By cycloaddition, it can be cross linked to coal, but the essential lignin 
structure remains stable in the rather mild conditions of HTC as mentioned in the 
literature (Antonietti, 2007). Thus, for the hydrothermal carbonization of biomass, 
materials with low lignin contents and high cellulosic contents are preferred.  
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2.1.3 Biomass potential  
 
The total contribution of biomass to the primary energy supply of Malaysia has 
been estimated to be at least 90 PJ. At present, the main contribution to biomass is from 
palm-oil waste, which is about 80% of the total utilized biomass. Poh and Kong, (2002) 
highlighted that the total technical potential of biomass in Malaysia is around 130 PJ, 
which is about 5% of the national energy requirement. For instance, Malaysian 
industries, such as sugar, palm oil, rice and wood, have been utilizing their biomass as 
fuel to cover some or all of their energy requirements as mentioned in the literature 
(Sumathi, Chai & Mohamed, 2008). In Malaysia, it is estimated that potentially 1340 
MW of energy can be generated from biomass by 2030 (Tye et al., 2011). Biomass is 
considered to be one of the main renewable energy resources of the future due to its 
large potential for economic viability and various social and environmental benefits. 
Many different types of biomass can be grown for the express purpose of energy 
production.  
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2.2 Hydrothermal carbonisation (HTC) 
 
2.2.1 History of HTC 
 
Titirici, Thomas and Antonietti (2007) pointed out that hydrothermal 
carbonisation in material synthesis is a 100-year-old technique, with increasing interest 
originating from the charcoal formation. Bergius first described the hydrothermal 
transformation of cellulose into coal-like materials in 1913, this was seen in the recent 
study (Hu et al., 2010). As mentioned in the literature, detailed investigations were 
focused on the biomass source, the formation process, and the identification of the final 
coal composition. Since the discovery of carbon nanotubes in 1991 as mentioned in the 
literature (Hu et al., 2010) the high-temperature HTC process has been developed 
quickly. The comprehensive study (Wang et al., 2001; Sun and Li, 2004) highlighted 
that at the beginning of the new century, a renaissance in the low-temperature HTC 
process appeared with the reports on the synthesis of uniform carbonaceous particles 
from sugar or glucose. In the past few years, lots of functional carbonaceous materials 
from biomass have been produced via the HTC process and these materials have shown 
great potential in many fields, this was seen in the recent study (Hu et al. 2010). 
Nowadays, with the gradual acknowledgement of hydrothermal process and 
carbonization mechanism, the HTC has been widely used to smartly design novel carbon 
and carbonaceous materials from biomass with important applications (Titirici, Thomas 
& Antonietti, 2007 ; Hu et al. 2010). 
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2.2.2 The HTC process 
 
Carbohydrate is important constituents of both plants and animals. Compounds 
classified as carbohydrates range from those consisting of a few carbon atoms to 
gigantic polymeric molecules. Carbohydrates that cannot be broken down into simpler 
units by hydrolysis reactions are known as monosaccharides. Examples of 
monosaccharides are glucose and fructose (both C6H12O6) as mentioned in the literature 
(Lilliestråle, 2007). Carbohydrates in a slightly acidic, aqueous solution are mildly 
heated (180-205°C) in closed recipients, forming condensed, coal-like structures 
(Lilliestråle, 2007). Depending on the extent of the reaction, four to five water units per 
carbohydrate molecule are eliminated in the final product (Antonietti, 2006). 
 
The elimination of water in the presence of water seems counterintuitive, but the 
reaction is both exothermic in character as well as strongly supported by entropy. This is 
due to the increment of the number of mole and the degree of freedom (Antonietti, 
2006). For complex biomass, the chemical decomposition cascade of HTC is more 
complex than for pure glucose. Model examinations with glucose and GC-MS 
examinations of the intermediary states of biomass indicate that the main reaction 
channel of HTC is a very quick partial dehydration of the carbohydrate to 
hydroxymethylfurfural (chemical composition). The hydroxymethylfurfural 
subsequently undergoes cycloaddition and polymerization reactions, essentially resulting 
in structures rich in carbonyl, aliphatic and aromatic hydroxy groups. As mentioned 
[C6H12O6]n            n[C6H4O2 + 4H2O] 
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above, four to five water units per saccharide unit are eliminated in the process, 
depending on the extent of the reaction (Lilliestråle, 2007).  Author pointed out that due 
to the fact that the HTC process progresses through liquid intermediates, which later 
cyclize or polymerize to the final coal like material, the final product consists of 
nanometer scaled, globular carbon spheres. the spheres have highly hydrophilic surfaces, 
with a distribution of hydroxyl (OH) and carbonyl (C=O) groups that are formed from 
non- or just partially dehydrated carbohydrates (Lilliestråle, 2007). In a typical reaction 
with glucose as starting material, elemental analysis shows that 70 - 92 wt% of the 
product can be attributed to carbon. The remaining mass is made up of oxygen and 
hydrogen atoms in the hydrophilic shells and this was seen in the recent study 
(Lilliestråle, 2007). 
Hydrothermal carbonization is a thermochemical conversion process which 
combined dehydration and decarboxylation of a fuel to raise its carbon content with the 
aim of achieving a higher calorific value of coallike product. It is realized by applying 
elevated temperatures (180–220°C) to biomass in a suspension with water under 
saturated pressure for several hours. Hydrothermal carbonisation is an exothermal 
process that lowers both the oxygen and hydrogen content of the feed by mainly 
dehydration and decarboxylation. With this conversion process, it’s easy to handle fuel 
with well-defined properties can be created from biomass residues, even with high 
moisture content.  
Thus it may contribute to a wider application of biomass for energetic purposes. 
It has been used for almost a century in different sciences, mainly to simulate natural 
coalification in the laboratory. Nowadays, the hydrothermal process has become an 
